Bluetongue virus tubules were purified from Spodoptera frugiperda cells infected with a recombinant baculovirus containing the NS 1 gene from bluetongue virus serotype 10, and expressed under control of the Autographa californ&a nuclear polyhedrosis virus polyhedrin promoter. These tubules were subjected to a variety of chemical and physical treatments and the resulting effects on tubule morphology were examined by electron microscopy. A number of morphological similarities were noted between bluetongue virus tubules and cellular microtubules despite a lack of homology between the component proteins at the primary sequence level. A possible multistranded helical configuration is proposed for the tubule structure.
Autographa californ&a nuclear polyhedrosis virus polyhedrin promoter. These tubules were subjected to a variety of chemical and physical treatments and the resulting effects on tubule morphology were examined by electron microscopy. A number of morphological similarities were noted between bluetongue virus tubules and cellular microtubules despite a lack of homology between the component proteins at the primary sequence level. A possible multistranded helical configuration is proposed for the tubule structure.
The replication of orbiviruses (Reoviridae family) is associated with the appearance of tubular structures in the cytoplasm of infected cells. This has been observed for bluetongue (Lecatsas, 1968) , epizootic haemorrhagic disease (Tsai & Karstad, 1970; Thomas & Miller, 1971) , and African horsesickness viruses (Ollermann et al., 1970) as well as the Kemerovo and Changuinola groups of orbiviruses (Murphy et al., 1971) . The tubules are different from normal cellular microtubules and those associated with reovirus infections (Dales, 1963) . It has been proposed that bluetongue virus (BTV) tubules consist predominantly of the viral non-structural protein NS1 (Huismans & Els, 1979) . Expression of the gene encoding the NS1 protein of BTV serotype 10 in the baculovirus system has provided proof that the tubules are composed solely of protein NS1 (Urakawa & Roy, 1988) . By contrast, a structural capsid protein is believed to be the principal component of the tubular structures associated with rotaviruses (Holmes et al., 1975 ; Kimura & Murakami, 1977) , viruses that constitute another genus of the family Reoviridae. This paper describes some biochemical and morphological analyses carried out in order to investigate the manner in which tubules are formed from NS1 protein monomers. Baculovirus-expressed BTV serotype 10 tubules (Urakawa & Roy, 1988) were used in these studies since these can be easily obtained in large amounts free from other cellular or BTV proteins.
Spodoptera frugiperda (Sf9) insect cells grown in suspension culture were infected with the AcBTV10-6 recombinant baculovirus at a multiplicity of 5 (Urakawa & Roy, 1988) . This recombinant baculovirus contains the gene sequence coding for NS1 under the control of the late promoter of the Autographa califbrnica nuclear polyhedrosis virus polyhedrin gene (Urakawa & Roy, 1988) . After incubation at 28 °C for 2 days the cells were harvested by centrifugation (5 rain at 500g), washed in phosphate-buffered saline and repelleted. The cells were then resuspended to a concentration of 4 x 10 v cells/ml in lysis buffer (160 mM-NaC1, 5 mM-MgClz, 10 mM-Tris-HC1 pH 7.5, 0.5% v/v Nonidet P-40), vortexed and allowed to equilibrate on ice for 5 min. The nuclei and cell debris were pelleted (i500g for 5min) and the supernatant fluids removed. The pellet was then washed with half the original volume of lysis buffer, repelleted and the supernatants were pooled. This post-nuclear supernatant was loaded onto a 40% (w/v) sucrose pad in 0-15 M-STE (150 mM-NaC1, 1 mM-EDTA, 10 mM-Tris-HC1 pH 7.5) and centrifuged in a Beckman SW41 rotor (3 h at 38000 r.p.m.). The pellet was resuspended in a small volume of STE and stored at 4 °C. When analysed by SDS-PAGE and stained with Coomassie blue, the material appeared to be composed mainly of NS 1 protein (data not shown). This method of preparation was routinely used to prepare viral tubules for the studies described in this paper.
Aliquots of tubules were pelleted for 20 min at 16 000 g and the pellets were resuspended in various test solutions for 30 min. The resuspended tubules were then repelleted for 20 min at 16000g and the pellets and supernatants 0000-9466 O 1990 SGM Short communication analysed for the presence of soluble NS 1 protein by SDS-PAGE followed by staining with Coomassie blue. The materials were also resuspended in STE, placed onto Formvar-carbon-coated 400-mesh copper grids, negatively stained with 2~ (w/v) uranyl acetate and examined at a magnification of 50000-fold using a JEOL JEM-100C electron microscope. Unless otherwise stated all procedures were carried out at room temperature.
Untreated tubules were found to be 68 nm in diameter with a 9 nm repeated ladder pattern ( Fig. 1) as described for tubules isolated from BTV-infected cells (Huismans & Els, 1979) . Their length was variable with a mean length of about 800 nm, and occasionally as long as 4 p.m. Limited low dose microscopic studies indicated no difference in the morphology of the tubules (data not shown). In order to define the arrangement of NS1 molecules in the tubules, the purified tubules were subjected to various treatments as shown in Table 1 .
When treated with buffers of between pH 7 and pH 8.5, the tubule morphology was unaffected. Between pH 5 and pH 6-5 the tubules were generally of shorter length (i.e. partially fragmented) but otherwise unchanged. At pH 4 or less the tubules appeared to be denatured and the 'component in aggregates when examined by electron microscopy. Only at pH values 9.5 or greater was NS1 protein solubilized and recovered post°centrifugation in the supernatants. After such high pH treatment no tubules were present in the pellet when examined by electron microscopy. However, a large number of filamentous structures (composed of NS1 protein as indicated by PAGE) were present in the supernatant. The size of the soluble NS1 material in the supernatant was further analysed by high pressure gel permeation chromatography on an LKB TSK G3000SW column. All of the NS1 protein migrated in the void volume of the column indicating that it was at least pentameric or larger (data not shown).
Tubule morphology was found to be sensitive to ionic strength; at concentrations between 0-1 M-and 0.5 MCaClz (buffered with 10 mM-Tris-HC1 pH 7-5) tubule length became reduced. At a concentration of 1 M no tubules were observed. These effects were broadly similar for MgC12, KCI or NaC1 solutions. Tubules were destroyed by anionic, cationic and zwitterionic detergents [e.g. caprylic acid, dodecyltrimethylammonium bromide (DTAB) and 3-([3-cholamidopropyl]dimethylammonio)-l-propanesulphonate(CHAPS)], but not by non-ionic detergents such as Triton X-100 or Tween 20 when used at their critical micelle concentrations. Treatment of tubules with reducing agents (100 mMdithiothreitol, or 5 ~ v/v 2-mercaptoethanol in STE) did not affect tubule morphology. In parenthesis, it was noted that the migration of NSI protein on SDS-PAGE was the same whether or not NS1 samples had been treated with 2-mercaptoethanol (i.e. they behaved as monomers in either reducing or non-reducing conditions). It was concluded that inter-chain disulphide bonds are not involved in maintaining the tubule structure.
Tubule morphology was found to be unaltered by heat treatment up to 45 °C for 10 min. At temperatures between 50 °C and 60 °C the tubules appeared shorter with networks of filaments spreading from either one or both ends (Fig. 2a) . At 60 °C and above no tubules were recovered and only the aforementioned filament networks were observed (Fig. 2b) . No soluble NS1 protein was recovered in the supernatants after treatment of tubules at temperatures ranging from room temperature to 70 °C. Prolonged storage at 4 °C results in a similar filamentous tubule morphology (Fig. 2c) .
Metal ions may be involved in stabilizing the tubule structure since treatment with chelators, such as EDTA or EGTA (> 1 mu), resulted in tubules that exhibited transverse breaks (Fig. 3 b) . Similar transverse breaking of tubules was induced mechanically by sonication but The length of sonicated tubules was found to be inversely proportional to the length of sonication time (data not shown). This may explain why tubules prepared by the method described in this paper were considerably longer than those reported in an earlier paper (Urakawa & Roy, 1988) , since the earlier purification method involved sonication. It was not possible to recover monomeric NS 1 proteins from tubules except under strongly denaturing conditions (e.g. SDS treatment). Therefore-attempts were made to isolate a form intermediate between monomers and tubules. When examined by electron microscopy circular structures were observed at the end of many tubules and occasionally in isolation (see Fig. 3b, c) . Often these circular forms had overlapping open ends indicating that the circular forms are actually curled fragmented fibres. Circles were observed at only one end" of a particular tubule, never at both ends. This may indicate a directional component in tubule morphology as described' for cellular microtubules (Snyder & Mclntosh, 1976) . The amount of the curled fragmented fibres or circular forms increased with treatments that led to transverse breaks of tubules. By combining such treatments their yield could be maximized (e.g. sonication in 100 mM-CHAPS, 100 mM-EDTA and pH 11 treatment).
The circular forms thus produced were partially purified from tubules by centrifugation through a 10 to 50 ~ (w/v) sucrose gradient, in STE, at 25000 r.p.m, for 3 h using a Beckman SW41 rotor. The gradient was fractionated and examined by electron microscopy. The circular forms sedimented at an estimated velocity of 250S (Fig.  3 c) , whereas tubules of longer than 200 nm sedimented at 500S or greater. The formation of these circular entities appeared to be a readily reversible process since they repolymerized into tubules when stored in concentrated conditions for a few hours. The length of the repolymerized tubules appeared to be proportional to the length of time of their storage after isolation. Since repolymerization was spontaneous it was not possible to study the requirements for repolymerization under the conditions used for purification.
From the studies described it can be concluded that the interactions between the NS1 protein monomers responsible for tubule morphology are highly stable since the only treatment which yielded monomeric NS1 involved gross denaturation. The interactions of NSI monomers are non-covalent, do not utilize inter-polypeptide chain disulphide bonds and have some ionic component, possibly involving divalent metal cations.
Although there is no significant homology of NS 1 with tubulin at the primary sequence level (there is a mean Fig. 2 . Electron micrographs of negatively stained tubules after beat treatment at 50 °C (a) or 70 °C (b) for l0 min and after storage at 4 °C for 7 days (c). Bar markers represent 100 nm.
homology of 12.5 ~o with a-and fl-tubulins from various species as determined by the algorithm of Needleman & Wunsch, 1970) , there are some striking similarities at the quaternary level. Both form long tubular structures, albeit with different diameters (cellular microtubules are 34 nm in diameter): They are both stable under broadly similar conditions of moderate ionic strength, neutral or slightly acidic pH and in the presence of divalent cations (Snyder & Mclntosh, 1976) . Circular intermediates in microtubule polymerization have been suggested (Borisy et al., 1975) , similar forms were observed in these studies. Also, under certain conditions, networks of filaments Fig. 3 . Electron micrographs of negatively stained tubules (a) treated with 3-mM-EDTA, (b) treated with 50 mM-EDTA, (c) treated with I00 mM-EDTA in the presence of 100 mM-CHAPS (pH 11) followed by sonication, and purified through 10 to 50~ sucrose gradient. Bar markers represent 100 nm.
(a)
(c) (,5) ~B which leads to the production of filamentous networks seen at the ends of tubules (Fig. 4b) .
In order to resolve the arrangement and symmetry of the NS1 subunits in the BTV tubules extensive low dose electron microscopic studies, in conjunction with computer-enhanced image processing, are in progress.
We would like to acknowledge C. D. Hatton for photographic work and Miss S. J. Pinniger for typing. This work was supported by EEC contract BAP-0120, U.K., Oxford Virology Ltd and by the Public Health Service Grant A 126879 from the National Institutes of Health, U.S.A. have been observed at the ends of cellular microtubules (Snyder & Mclntosh, 1976) , as observed for the NS1 tubules described in this paper. One final similarity is the observation that both structures have polarity. However, differences between the two structures also exist, such as (i) the presence of two forms of subunit in cellular microtubules (c~-and fl-tubulin), as opposed to one in the BTV tubules, (ii) differences in tubule diameter and (iii) the 9 nm repeat ladder pattern is not seen in cellular microtubules.
Taking all these observations into consideration, we propose a scheme for the arrangement of NS 1 molecules within the BTV tubules involving NS1 molecules arranged in multistranded filaments and exhibiting an overall helical symmetry. The Mr of the NS1 protein is 68000 and, on the basis of an essentially globular structure, the diameter of each NS1 molecule is estimated to be approximately 5 nm. Therefore some 30 such molecules would be needed to produce a horizontal tubule of 60 nm diameter. The observed filaments are arranged in a manner which gives a fishnet-like appearance as indicated in the electron microscopy illustrated in the diagram (Fig. 4) . The vertical contacts of the component molecules (Fig. 4a, A) are likely to be hydrophilic or involve charged amino acids and divalent cations, structures which are weakened by treatments such as sonication or chelation with EDTA or EGTA (Fig. 4c) , whereas the horizontal contacts (Fig. 4a, B) possibly involve hydrophobic residues as suggested by the resolution that occurs on heat or detergent treatment
